Background: Many countries recommend daily infant vitamin D supplementation during breastfeeding, but compliance is
Introduction
Vitamin D is essential for calcium and bone metabolism. It is unique among vitamins in that it is mainly derived from synthesis in the skin after exposure to UV-B radiation. In the absence of fortification, few foods are rich in vitamin D, including human milk, which contains very low amounts (1) . Subsequently, breastfeeding infants in higher latitude countries such as New Zealand are at risk of vitamin D deficiency due to suboptimal vitamin D intake, which is further compounded by seasonal changes in UV-B intensity (2) (3) (4) (5) (6) and recommendations to avoid direct sunlight exposure in the first 6 mo of life (7) .
The most profound manifestation of vitamin D deficiency in growing children is rickets, a mineralization defect of the growth plate, characterized by bone deformities, impaired growth, biochemical abnormalities, and depending on the severity of deficiency, seizures (8) (9) (10) (11) . Current prospective surveillance studies in New Zealand, Canada, and Australia have raised considerable concern with regard to an increase in the incidence of rickets, especially among young children (9) (10) (11) . These studies also identified a number of common factors that potentially affect the risk of rickets, including darker pigmented skin, maternal vitamin D deficiency during pregnancy, season of birth, age <3 y, and exclusive breastfeeding (9) (10) (11) .
Given the higher risk of rickets in breastfed infants, several countries have recommended universal vitamin D supplementation for all breastfed infants (12) . However, compliance is variable (13) (14) (15) (16) , with recent data published from US NHANES suggesting that 80% of US breastfed infants failed to achieve the recommended intake of 400 IU/d (17) . In addition, cases of rickets continue to be reported in countries that use this preventive approach (11, 18) .
A potential alternative strategy to improve the vitamin D status of breastfed infants is high-dose vitamin D supplementation to pregnant and lactating women. This maternal supplementation strategy was previously shown to increase both mother and infant serum 25-hydroxyvitamin D [25(OH)D] 8 concentrations (19) (20) (21) (22) (23) ; however, results from these studies must be interpreted with caution due to the lack of a control group, unblinded treatment, and/or concurrent vitamin D supplementation to infant study participants.
In New Zealand, vitamin D fortification in the food supply is negligible, and at the time of this study guidelines for infant vitamin D supplementation of breastfed infants were recommended only for those considered ''at risk.'' Thus, the primary aim of this randomized, placebo-controlled study was to determine the effect of 2 different intermittent monthly doses of maternal cholecalciferol supplementation (weeks 4-20 postpartum) on serum 25(OH)D status of non-vitamin D-supplemented breastfed infants. A monthly dose was chosen to improve compliance.
Methods
Study population and design. Healthy pregnant women planning to exclusively breastfeed for $5 mo after delivery were recruited from July 2012 to June 2013 through the Queen Mary Maternity Centre, Dunedin Hospital, Dunedin, New Zealand (45°S latitude). The Queen Mary Maternity Centre provides publicly funded, tertiary-level maternity and newborn care to the Otago and Southland region of New Zealand (population ;310,000) and is the only birthing unit in Dunedin, with ;97% of all city births (the remaining 3% being home births). Exclusion criteria included the following: 1) preterm delivery <37 wk of gestation; 2) intent to use vitamin D supplements (either mother or infant) in the postnatal period; 3) a history of disorders known to affect calcium and/or vitamin D metabolism, including abnormal calcium concentrations or urinary calcium-to-creatinine (Ca-Cr) ratio at study baseline; 4) planned travel outside of New Zealand over the study period; and 5) living outside of Dunedin. The study was approved by the New Zealand Lower South Regional Ethics Committee (LRS/11/02/007), and written informed consent was obtained from each mother. The study was registered before study commencement with the Australian New Zealand Clinical Trials Registry at www.anzctr.org.au as ACTRN12611000108910.
The study was a 16-wk randomized, double-blind, placebo-controlled trial in 90 mother and infant pairs, beginning at 4 wk postpartum. Women were enrolled from 20 wk of gestation until delivery. After delivery, lactation support was provided, along with breast pumps as needed. At 4 wk postpartum, breastfeeding mothers were randomly assigned in blocks of 15 to 1 of 3 treatment arms: placebo, 50,000 IU cholecalciferol, or 100,000 IU cholecalciferol to be administered every month, with the final dose given at 16 wk postpartum. Randomization was not stratified by season. These intervention doses were selected because they conformed to commonly available cholecalciferol preparations, and the administration of 50,000 IU cholecalciferol/mo is a commonly prescribed and funded regimen for the treatment of vitamin D insufficiency in New Zealand (with no daily dosing options being publicly funded); and, as previously discussed, daily maternal and infant dosing have been subject to issues of noncompliance. All tablets were supplied to the participants and selfadministered, with written instructions and monthly reminder phone calls to take 1 tablet at baseline (4 wk postpartum) and every month thereafter, with the last dose administered at 16 wk postpartum.
Sociodemographic data were obtained from interviews at enrollment (maternal only) and at 4 and 20 wk postpartum (mother and infant). Information was obtained on maternal age, education, ethnicity, smoking status, vitamin and mineral supplement use, breastfeeding, exposure to infant formula (frequency and duration), sun exposure, and sunscreen use. Maternal height and weight measurements were also taken at enrollment and at 4 wk postpartum by using standardized techniques. Infant length and weight measurements were taken at birth and at 4 and 20 wk of age. BMI (in kg/m 2 ) was determined, and infant z scores were calculated by using the WHO Child Growth Standards (24) . Blood was drawn at birth (infant cord) and at 4 wk (mother) and 20 wk (infant and mother) postpartum. Last, maternal and infant skin reflectance was measured at each visit by spectrophotometer (CM2006d; Minolta Co. Ltd.) and converted to a final skin color assessment of ''very light,'' ''light,'' ''intermediate,'' ''dark,'' or ''very dark.'' Measurement sites included the medial aspect of the upper arm (natural skin color) and dorsal aspect of the forearm (sun-exposed surface).
Supplements. Study supplements were manufactured by OPTIMUS Healthcare Ltd. as identical tablets, each containing lactose powder (placebo) and a target of either 50,000 or 100,000 IU cholecalciferol. In addition, vitamin D content was independently measured by Eurofins NZ Laboratory Services Ltd., which confirmed that the placebo contained no detectable cholecalciferol and the mean cholecalciferol content of tablets used for the 50,000-IU/mo and 100,000-IU/mo interventions were 51,139 and 93,630 IU/tablet, respectively. Supplements were coded by a third party (Dunedin Public Hospital Pharmacy), and participants, investigators, and biostatisticians were blinded to treatment. The randomization list was kept strictly confidential in a sealed envelope until all aspects of the study had been performed. Participants were instructed to take 1 tablet/mo and to return all unused pills. They were also advised to avoid any additional supplemental vitamin D ingestion and overseas travel and to use sunscreen for the duration of the study. Mothers were contacted every month during the study to assess their progress and to remind them to take their monthly dose, with compliance assessed by counting returned pills at the end of the study.
Dietary vitamin D intake. Although all of the mothers planned to exclusively breastfeed from birth to postpartum week 20, they were asked to record the intake of any infant formula and the daily amount consumed. To estimate the daily intake of vitamin D as IU/d, the total IU of vitamin D consumed from infant formula (as per the manufacturerÕs label, IU/100 g) over the 20-wk study period was divided by the number of study days.
Blood and urine sampling and laboratory analysis. Fasting, secondvoid morning urine for maternal Ca-Cr ratio was also measured at 4 and 20 wk postpartum. Nonfasting venous maternal, cord, and infant blood samples were collected. Serum calcium, phosphate, albumin, and alkaline phosphatase were measured immediately; and remaining serum was separated into aliquots and stored at -80°C until study completion. The serum total calcium concentration was corrected for serum albumin by using a standard approach because calcium in serum is mainly bound to albumin and thus abnormal albumin may not accurately reflect the physiologically important ionized or free calcium concentrations (25) . Urinary creatinine was measured by using photometric analysis via a fully automated Cobas 8000 c502 analyzer (Roche Diagnostics), with the remaining assays analyzed by using a Cobas 8000 c702 analyzer (Roche Diagnostics). The clinical cutoffs used to define maternal serum hypercalcemia and hypercalciuria at any time point were serum corrected calcium >2.6 mmol/L (26) and Ca-Cr ratio >0.6 mol/100 mol (27) , respectively. For infants at 20 wk, serum hypercalcemia was defined as serum corrected calcium >2.8 mmol/L (26 (28) by using an API 3200 instrument (Applied Biosystems) connected to a Dionex Ultimate 3000 HPLC system. The limit of quantification for the assay was <5 nmol/L for both metabolites. To assess accuracy and interassay variability, external-quality placebo serum material (UTAK Laboratories) containing low and medium concentrations of both metabolites were analyzed with every assay. Measurements fell within the expected range with mean 6 SD values of 29.0 6 1.2 and 67. 3 Serum PTH was measured by using an automated electrochemiluminescence immunoassay (Elecsys 2010; Roche Diagnostics). The PTH assay showed a detection sensitivity of 1.2 pg/mL. The placebo samples provided by the manufacturer were within the recommended target value and the interassay CV based on a pooled serum was 4.4% (n = 22). To examine whether supplementation affected other biochemical or safety indexes, such as serum PTH, serum corrected calcium, serum phosphate, and urinary Ca-Cr ratio, changes in these variables for both mother and infant (as appropriate) were assessed by using linear regression, with treatment as a fixed effect with the placebo group as the reference, and the respective baseline concentration as a covariate. Clinically meaningful abnormalities were defined as above, and proportions were compared between groups.
To show changes in 25(OH)D over time, mean serum 25(OH)D and SE bars were plotted with a line graph for both mothers and infants. PearsonÕs correlation coefficient and P values were calculated between baseline maternal 25(OH)D and infant cord 25(OH)D concentrations. Changes in forearm skin color over the trial period were also investigated, as a proxy to sun exposure. Forearm skin color was categorized as ''very light,'' ''light,'' ''intermediate,'' ''dark,'' or ''very dark'' (as per the spectrophotometric method described above) at baseline and at week 20.
Mothers
. A chi-square test was used to determine if skin color change categories differed between treatment groups.
All of the statistical analyses were performed by using Stata (version 13.1; StataCorp). Residuals were calculated and plotted to visually assess whether the assumptions of the statistical models had been met (no transformations were made). A 2-sided P value <0.05 was considered significant.
Results
Of the 90 women and infant pairs who were randomly assigned, 87 completed the trial (Figure 1) , resulting in a 97% retention rate. Across the treatment groups, the loss to follow-up was similar: 3% (n = 1) in the placebo group, 6% (n = 2) in the 50,000-IU/mo group, and 0% (n = 0) in the 100,000-IU/mo group. Baseline participant characteristics of mothers and infants are shown in Table 1 . Median weight, length, and BMI for female infants at birth were 3.5 kg (weight-for-age z score: 0.5), 51 cm (length-for-age z score: 1.1), and 13.0 (BMI-for-age z score: 20.2) and for male infants at birth were 3.7 kg (weight-for-age z score: 0.6), 53 cm (length-for-age z score: 1.0), and 13.5 (BMI-for-age z score: 20.2).
Overall, compliance with study supplementation at week 20 was high (96%) and similar for the 3 groups: 94% for placebo, 94% for the 50,000-IU/mo group, and 100% for the 100,000-IU/mo group. As a surrogate for sun exposure, forearm skin color at week 20 was compared with baseline, with 70% of infants and 8% of mothers having a lighter forearm skin color, 27% of infants and 55% of mothers having an unchanged skin color, and 3% of infants and 30% of mothers having a darker skin color at week 20. There were no significant differences in infant and maternal skin color change between baseline to week 20 between study groups.
In terms of baseline vitamin D status, the mean 6 SD maternal serum 25 Over the 20-wk study period, mean maternal serum 25(OH)D concentrations increased in all 3 groups (Supplemental Figure 1) , although the change in mean serum 25(OH)D at the study end was significantly greater among mothers randomly assigned to monthly vitamin D supplementation than in the placebo group ( Table 2) . After adjustment for potential confounding variables (season of delivery and maternal skin color), the change in serum 25(OH)D among vitamin D-supplemented mothers remained similar; however, the precision of the estimates was slightly improved, resulting in an effect size of 10.8 nmol/L (95% CI: 0.5, 21.1 nmol/L; P = 0.041) for the 50,000-IU/mo group and 20.7 nmol/L (95% CI: 10.6, 30.9 nmol/L; P < 0.001) for the 100,000-IU/mo group compared with the placebo group.
Among the infants, the mean changes in serum 25(OH)D concentrations from cord blood to 20 wk postnatally by treatment group are shown in Table 2 . In contrast to maternal vitamin D status, the magnitude of the change in infant serum 25(OH)D concentrations over time did not significantly differ between the 3 groups. After adjustment for known confounding variables, including infant skin color, season of birth, and intake of vitamin D-supplemented infant formula, the effect size estimates for the difference in changes in infant 25(OH)D concentrations were more precise: 5.0 nmol/L (95% CI: 211.3, 21.3 nmol/L; P = 0.54) for the 50,000-IU/mo group and 19.1 nmol/L (95% CI: 2.5, 35.6 nmol/L; P = 0.025) for the 100,000 IU/mo group compared with the placebo group.
The prevalence of having maternal serum 25(OH)D concentrations <50 nmol/L was 26% (7 of 27) in the placebo group at the end of the study, which was significantly higher than in the 50,000-IU/mo group (4%; 1 of 27) or in the 100,000-IU/mo group (0%) (P = 0.002) (Figure 2) . Moreover, none of the maternal participants taking vitamin D study supplements had a serum 25(OH)D concentration <30 nmol/L at week 20, whereas 7% (2 of 27) of maternal participants assigned to the placebo group remained at a concentration <30 nmol/L. Among the infant participants, there was no difference in the prevalence of serum 25(OH)D concentration <50 nmol/L among the 3 groups at study completion (27%, 29%, and 19% for the placebo, 50,000-IU/mo, and 100,000-IU/mo groups, respectively; P = 0.65) (Figure 2) . Likewise, despite a greater number of infants with a 25(OH)D concentration <30 nmol/L in the placebo group (23%; 6 of 26) than in the 50,000-IU/mo (11%; 3 of 28) and 100,000-IU/mo (4%; 1 of 27) groups at the study end, no significant differences were detected between the 3 groups (P = 0.09).
In both mothers and infants, there were no significant differences in mean changes in serum PTH, serum corrected calcium, and serum phosphate between groups over the trial period (Table 2) No cases of hyper-or hypocalcemia were found in any mother or infant participant. Mean changes in maternal urinary Ca-Cr ratios over the study intervention were comparable between placebo and treatment groups (50,000-IU/mo: P = 0.96; 100,000-IU/mo: P = 0.22). Nevertheless, 6 mothers had a higher-than-normal urinary Ca-Cr ratio at week 20 (normal range: <0.6 mol/100 mol): n = 2 in the placebo group, n = 1 in the 50,000-IU/mo group, and n = 3 in the 100,000-IU/mo group. All of these were considered nonfasting 
Discussion
The results of the present study reveal new insights into the potential effectiveness of a maternal vitamin D dosing strategy for breastfed infants. To our knowledge, this study is the first to assess the effect of maternal vitamin D supplementation on serum 25(OH)D concentrations in nonsupplemented breastfeeding infants with the use of a double-blind, randomized, placebo-controlled study design. Not surprisingly, we found that mothers who received the moderate (50,000-IU/mo) and high (100,000-IU/mo) doses of cholecalciferol had significantly higher maternal serum 25(OH)D at 2 Completed university or other higher education qualification. 3 Serum calcium calculated by using standard corrections for serum albumin (25). 4 As determined by skin reflectance with the use of a spectrophotometer. 5 Infants received only breast milk; no other liquid or solids were given over 20 wk. 6 Birth to postnatal week 20. Number of infants consuming any formula: placebo, n = 8; 50,000 IU/mo, n = 8; 100,000 IU/mo, n = 10.
20 wk postpartum than those mothers who received the placebo. Moreover, the pharmacologic cholecalciferol doses given once monthly over a period of 4 mo appeared to be safe and well tolerated. However, the effects of maternal vitamin D supplementation on infant serum 25(OH)D were more complex. For the primary unadjusted analysis, there was no significant differential effect of maternal supplementation on infant vitamin D status or a decreased prevalence of having a serum 25(OH)D concentration <50 nmol/L at the end of the study period. However, after adjustment for potentially important confounders, including season of birth, infant formula exposure, and infant skin color, we found that high-dose maternal monthly cholecalciferol supplementation (100,000 IU/mo) resulted in a significant and clinically meaningful increase in infant serum 25(OH)D of 19 nmol/L compared with that in the placebo group. Moreover, the higher dose of 100,000 IU/mo may also offer some protection against moderate to severe deficiency in infants, with only 1 infant in this group (compared with 6 infants in the placebo group) presenting with a serum 25(OH)D concentration of <30 nmol/L. Importantly, infants in the present study were not administered any vitamin D supplements. Thus, the observed changes in infant vitamin D status can therefore be attributed to the effect of maternal vitamin D supplementation, particularly given that the adjusted analysis for the intake of vitamin D-containing infant formula showed significantly higher infant 25(OH)D concentrations in the 100,000-IU/mo group. These findings align with those of previous maternal supplementation studies in lactating women (19, (21) (22) (23) 30) . These previous studies trialed both daily and monthly supplementation; however, all lacked controls and often had inadequate blinding. One of the first maternal vitamin D supplementation trials conducted in lactating women (19) (36) . Information on DBP in early infancy is limited, but it is known that adult albumin concentrations and binding affinity are not reached until 10-12 mo of age. Regardless, these results emphasize the importance of a placebo group. In light of our findings, the reported effect size of previous uncontrolled studies may have been potentially confounded by a natural temporal trend toward increased vitamin D status in the first year of life.
It is unknown whether a higher monthly maternal dose would have achieved greater improvements in infant vitamin D status, but the lower 50,000-IU cholecalciferol dose every 4 wk appeared to be ineffective. A recent uncontrolled, blinded study administering a single maternal cholecalciferol dose of 150,000 IU showed a significant increase in infant serum 25(OH)D concentrations from baseline (40.8 nmol/L) to day 28 (96.8 nmol/L) (22) . However, the safety of this dosage with regular use (every 4 wk) is unknown and currently exceeds the Tolerable Upper Intake Level of daily intake suggested by the Institute of Medicine by >30% (37). In our The strengths of this present study are its randomized, double-blind, placebo-controlled design conducted in a setting with little interference from additional vitamin D supplements or food fortification. In addition, the longer duration of our study (encompassing the recommended period for exclusive breastfeeding), high exclusive breastfeeding rates achieved (ranging from 67% to 73%), and close to 100% rate of current breastfeeding at study completion are also strengths in comparison to previous studies (4, 19, (21) (22) (23) 30) . Study limitations include the convenience sample of healthy women in the South Island of New Zealand who were mainly of European descent (72%). As a result, it is unknown whether these results can be generalized to other ethnic groups or other regions of varying latitude in New Zealand. Another limitation is that breast-milk analysis for vitamin D content was not available, which would have been ideal as a secondary outcome measure, even though the half-life of cholecalciferol in milk is ;24-72 h (22) . Last, the lack of effect in the primary analysis may be due to type 2 error and is a limitation that reflects both a potentially small sample size and an imbalance of recruitment by season.
In conclusion, our study shows that maternal vitamin D supplementation in lactating women during the first 5 mo of breastfeeding improved the vitamin D status of the mother and suggests that doses of 100,000 IU cholecalciferol/mo are not only safe but may improve the vitamin D status of the breastfeeding infant, and subsequently prevent deficiency in the first 6 mo of life. In addition, these data show a general increase in serum 25(OH)D concentrations over the first 20 wk of life, which questions the effect size and beneficial effects of previous uncontrolled maternal supplementation studies. Further work is warranted to support our findings and to more fully investigate the efficacy of varying maternal dosage regimens (e.g., daily or weekly) on both maternal and infant vitamin D status.
